We report on atomistic simulations of DPPC lipid monolayers using the CHARMM36 lipid force field and four-point OPC water model. The entire two-phase region where domains of the 'liquidcondensed' (LC) phase coexist with domains of the 'liquid-expanded' (LE) phase has been explored.
I. INTRODUCTION
Langmuir monolayers of DPPC in the air-water interface have long been considered a fruitful model system to understand basic physical properties of lung surfactant [1] [2] [3] . A huge body of experimental work has been accumulated over the last decades on this system, focusing on the thermodynamics (surface pressure isotherms), molecular structure, and domain shape and structure [4] [5] [6] . One of the puzzling questions about DPPC monolayers is the possibly nonequilibrium phenomena involved in the growth of domains in the two-phase coexistence region between the liquid-condensed (LC) and liquid-expanded (LE) phases.
The difficulty to observe a truly horizontal sector in surface-pressure-area isotherms
7
, together with the observation of persistent, seemingly equilibrated domains with uniform size throughout the coexistence region, may indicate the presence of very long relaxation processes and long-range domain interactions [8] [9] [10] [11] . Also, some theoretical models have been developed to explain domain shapes and transitions between different shape régimes. These models contain effects from different types of interactions: line tension, curvature, and dipolar components in directions normal and perpendicular to the monolayer. Competition between these interactions leads to interesting shape behaviour, in some cases close to experimental observations of domains in monolayers of pure DPPC molecules. Detailed experimental work 12, 13 and computer simulations [14] [15] [16] [17] 23 also exist which suggest models for molecular arrangement of lipid molecules in the monolayers, a question which is also open to debate. The very nature of the relevant interactions is uncertain. A broad consensus exists on the PN dipole orientation, which most studies interpret to be more or less parallel to the monolayer [23] [24] [25] . Also, it has been postulated that the PN dipole is located at slightly different depths in the liquid subphase: as the film is compressed, molecules condense into LC regions and the entire lipid molecules are displaced towards the air phase, thereby expelling solvating water molecules and making the PN region more dehydrated 25 . These analyses suggest a model where LC domains made of molecules with tightly-packed, tilted (with respect to the monolayer normal) aliphatic chains and strongly interacting dipoles parallel to the monolayer coexist with LE regions with disordered chains and screened parallel dipoles.
This view somehow contradicts the assumptions made by many theoretical models for domain shape and shape transitions, based on distributions of strongly interacting dipoles normal to the monolayer, with van der Waals (vdW) interactions effectively showing up in a line-tension contribution which is isotropic with respect to the in-plane normal direction at the domain line boundary. The competition between an isotropic line tension and a longrange electrostatic contribution coming from dipoles along the monolayer normal leads to interesting behaviours. In-plane dipolar components have also been contemplated and seen to renormalise the line tension by making it anisotropic 26 . However, the question is whether assumptions behind these theoretical models are completely correct.
The present work is an attempt to shed some light on some of these issues from the point of view of atomistic simulation, using state-of-the-art force field modelling for both lipid and water molecules, and constitutes a quantitative leap forward with respect to previous simulations in terms of system size and simulation time [14] [15] [16] [17] [27] [28] [29] . Recently, Javanainen et al.
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reported on full-atom simulations of DPPC monolayers. Lipid interactions were modelled using the CHARMM36 force field
18
, whereas for water molecules the four-point OPC4 force field 19 was used. It was shown that the combination of these two force fields provides quantitative agreement with experimental results on surface pressure isothems of DPPC monolayers, making this model a suitable tool to also explore structural molecular behaviour. Here we use a simulation setup similar to that of Javanainen et al. to examine in detail the structure of the monolayer in conditions of full phase-separation, where single LC or LE domains coexist with the opposite phase. A novel feature of our analysis is that various molecular distribution functions are identified separately for the two phases, allowing for more accurate measurements of molecular arrangements and orientation. Also, correlation functions describing molecular ordering in both phases are presented. These functions exhibit features corresponding to sustained long-range order of the tails in the LC domains, but PN dipolar heads show almost perfect disorder in azimuthal angles, which indicates that the role of in-plane dipolar components is negligible in determining domain shape and long-range domain interactions.
II. SIMULATIONS
In the present paper we use the same combination of force fields used by Javanainen et al., but on larger system sizes. We run NVT Molecular Dynamics (MD) simulations on systems consisting of 1152 DPPC molecules, distributed in two monolayers (576 molecules per monolayer) and a liquid slab consisting of 93312 water molecules, creating two equiv- alent liquid-vapour interfaces. All systems were built using CHARMM-GUI, a web-based graphical interface that helps create molecular input files for CHARMM-based atomistic simulations. MD simulations were run using the GROMACS 2018.3 20, 21 software on a set of 288 CPU cores for about 21 days of CPU time. Each run spanned a total of 300 ns (simulation time), comprising 50 ns for equilibration and 250 ns for averaging. The systems were thermostatted at 298 K using the Nosé-Hoover technique with coupling parameter 1.0 ps, and a leap-frog algorithm with timestep 0.002 ps was used to integrate the equations of motion. were analysed which bracket the coexistence density interval. We later report on improved estimates for coexistence densities based on actual measurements of local densities inside domains.
As mentioned in the introduction, the main focus of our work is on domain structure at LC-LE coexistence. Therefore, a reliable method to distinguish lipid molecules in LC domains from lipid molecules in LE domains is required. Since the phase transition involves structural changes that mostly occur in the plane of the monolayer, we need to define a two-dimensional position associated to each lipid molecule. This was done by calculating the centre of mass, projected on the xy plane, of the C=O units of the glycerol group. In this way we associated a two-dimensional position vector R = (X, Y ) to each lipid molecule.
The structural differences between LE and LC regions in the monolayer (see Fig. 3 , which is explained in great detail below, for an illustration of the two regions), are well 
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, where a Voronoi network is computed and neighbour numbers are associated to each molecule. In our case we found it more convenient to define a crystalline order parameter q (j) on each lipid molecule, a method borrowed from analyses of two-dimensional crystals. The order parameter at the jth molecule is defined, for each configuration, as
where |· · ·| denotes the modulus of a complex number. The sums run over all positions
of the nearest neighbours of the jth molecule, and the reciprocal vectors of the triangular lattice K k . Our simulations show that the direction along which the lattice is stretched coincides with the projected molecular tilt. Moreover, this crystallographic axis is slightly distorted inside the domain. We start by first obtaining the local orientation of the lattice. This is easy if we calculate the unit vectort along each lipid chain (two per DPPC lipid) from the gyration tensor of the chain units (using only the carbon atoms). Next we calculate the order tensor at the jth molecule, Q
, the components of which are given by
where the sum runs over all the neighbours located at a lateral distance within a circle of radius 1.2 nm. The local lattice orientation is now obtained by calculating the eigenvector e associated to the largest eigenvalue of the Q tensor, and then projecting it on the xy monolayer plane. We define the corresponding normalised vector asê ⊥ . The order parameter
for a given lipid is in the interval [0, 1], with 0 corresponding to a totally disordered environment and 1 to perfect order. Even though there is some degree of local order in the LE phase, the crystalline order parameter q is very sensitive to angular order of lipids in the neighbourhood of a given lipid.
In order to describe molecular orientation with respect to the monolayer we define the following unit vectors: (i)n, normal to the monolayer, which points along the ±z axes of the simulation box for the top and bottom monolayers, respectively; i.e.n is defined at each of the water liquid-vapour interfaces as a normal vector pointing to the vapour side.
(ii)t, the chain unit vector, which has been defined above. And (iii)ĥ, the PN unit vector, defined to point from the phosphorous P atom to the nitrogen N atom of each lipid. We also define the projected components on the monolayer of these vectors as t ⊥ =t − t ·n n, h ⊥ =ĥ − ĥ ·n n, and their corresponding normalised versionst ⊥ andĥ ⊥ .
With these vectors we define the distributions of the angles between the vector pairs {t,n} (distribution of the tails about the monolayer normal), {ĥ,n} (distribution of the PN vector about the monolayer normal), and {t,ĥ} (distribution of the angle between tail and PN vectors). All of these distributions will be called three-dimensional (3D) distributions.
In addition, we also compute the distribution of the angle between the vectors {t ⊥ ,ĥ ⊥ }.
This will be called two-dimensional (2D) distribution. Both 2D and 3D distributions will be computed separately for the LC and LE regions, using the method described above, to understand the different orientational properties of molecules in the two phases. 
III. RESULTS
A. Domain identification and domain shape 
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. Fig. 3 represents the projections of the molecules as ellipses of aspect ratio 2. The aspect ratio of a molecule on the monolayer plane is obtained by calculating the two-dimensional gyration tensor using the projected atomic coordinates. The ratio of the two eigenvalues of this tensor gives the aspect ratio κ > 1. Fig. 4 shows the distribution of κ in the LC and LE domains. As can be seen, both distributions have a maximum around κ = 2. The calculated mean aspect ratios in both regions are very close to 2.5.
B. Coexistence densities
Our ability to accurately identify domains and the molecules that belong to domains allows us to calculate the local two-dimensional density at the molecules separately in each phase. Local densities can be computed, regardless of the existence of domains, by counting the number of molecules within a circle of radius 0.7 nm centered at a given molecule. The resulting global distribution of local densities turns out to be unimodal since local densities in the LE regions vary by a large amount and, therefore, coexistence densities cannot be extracted directly from such a distribution. However, Javanainen et al. densities in one of the two coexisting phases. Instead, here we take advantage of our ability to identify domains to directly obtain the density distribution in each phase. . This is less relevant as the distribution is much broader because of the high orientational disorder of chains.
The chain angle distribution has been measured previously by other authors using atomistic simulation. Choe et al. ). This seems to contradict the widely accepted idea that the tilt angle decreases as the monolayer is compressed. However, we should bear in mind that the two works use slightly different force fields, and also that the simulations use very small system sizes (90 and 32 lipid molecules, respectively). Again the dependence on mean area per lipid is weak. From the mean values we obtain tilt angles of (110.8 ± 0.5)
• for the LC phase and (112.5 ± 0.5)
• for the LE phase. Not only the tilt angle of the PN dipole is quite similar in the two phases, but also the full distributions.
This implies that the phase transition mainly involves a configurational change of the lipid chains and that the distribution of dipoles does not significantly depend on the local lipid density. This conclusion is consistent with the experimental studies of Hauser et al.
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and of Ma and Allen
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. On the other hand, Mohammad-Aghaie et al. show the distribution in the relative angle between the projected chain and PN-dipole vectors in Fig. 7 for the LC and LE domains, averaged over the whole coexistence region. Here we clearly see that the PN-dipole projection is almost completely disordered with respect to the well defined local chain orientation, confirming the conclusion drawn from the 3D distributions that PN dipoles exhibit almost full rotational libration in the azimuthal angle. 
E. Correlation functions
The above results, inferred from angular 2D and 3D distributions, are confirmed by calculating different correlation functions. We define f (t) k (r) ≡ cos kϕ (r) as a radial correlation function, where cos ϕ =t ⊥ (0) ·t ⊥ (r ⊥ ),t ⊥ (0) is the projected unit tail vector for a molecule located at the origin, andt ⊥ (r ⊥ ) is the same vector but for a molecule at a transverse distance from the latter given by the vector r ⊥ . The angular brackets · · · mean average over molecules and time. Therefore, f and references therein) have speculated on the different arrangement of lipid molecules in the LC and LE phases. In particular, it is believed that the PN dipole is located deeply into the aquaeous subphase in the LE regions and that, as chains become closely packed because of the increased lateral pressure, solvation water around dipoles is expelled which forces the dipoles to become closer to the water surface. In order to investigate this, we have calculated the density profiles across the interface for the water and lipid molecules in both phases. These are shown in Fig. 9 , where the densities refer to the whole mass content of lipid and water molecules separately, including all interaction centres in both cases. The horizontal axis is the z coordinate in the frame attached to the simulation box. The profiles correspond to a mean area per lipid of 63 Å
2
, where approximately 50% of each monolayer consists of a single LC domain. Density profiles are presently separately for the two regions, LC and LE. Therefore, the density profile for water corresponds to the water column below the corresponding domain. Since domains are large, we expect small interface fluctuations in both LC and LE regions; the fact that the density profiles of water have the same shape implies that the rigidity of the interface is similar in both cases. It can be seen that the lipid distribution in the LC domains develops a shoulder and becomes wider. This is due to the crystallisation of the molecular chains. But two features of the profiles are particularly interesting: (i) the water profiles are very similar in both phases, except for a shift in their position; (ii) the penetration of the molecular polar heads in water is the same in both regions. The latter feature is more apparent if the LC profiles are rigidly displaced to make both water profiles coincide (see inset): the polar heads show no relative change with respect to water. Our conclusions are that, on the one hand, the polar heads do not approach the water interface as LC domains are formed at the LE-LC phase transition and, as a consequence, the hydration state of the polar head is not changed. And, on the other hand, the water interface appears to be displaced by polar heads as they reorganise as a result of molecular chains becoming more closely packed in LC domains. 
IV. CONCLUSIONS
In this work we have analyzed the coexistence region between LC and LE phases in a DPPC monolayer. For the first time, the properties of the coexisting phases have been studied separately by identifying the molecules that belong to each phase. Moreover, the present simulations involve considerably larger system sizes than previous works. In practice, simulation times have been long enough to allow the system to phase separate completely which ensures that true equilibrium states of the monolayer are being analyzed. By contrast, previous works so far have focused on the properties of phases without imposing coexistence conditions. This strategy does not avoid the presence of domains of the opposite phase which might contaminate the averaged properties of the phase under consideration.
Several conclusions from the present simulation study confirm previous results from other groups. For example, the angular distribution of the tilt angle of chains is consistent with the ones reported previously 23, 31 . Visual inspection of the projected molecular shows that there is a high degree of order in LC domains while the distribution is uniform in LE domains.
As for the PN-dipole distributions, we conclude that tilt angle distribution is always unimodal and very similar in both phases. The average angle is about 111 report a bimodal distribution for a supposely pure LC phase. Such a bimodal distribution is difficult to understand for a pure phase in equilibrium.
In addition, we have also explored the distribution of the angle between the projected chain and PN-dipole vectors. To our knowledge this is the first time such an azimuthal distribution is reported. Assuming a some degree of rigidity in the molecular structure of the lipid molecules, we would expect a high correlation between the orientation of the chains and of the PN head in a monolayer of DPPC molecules. However, at least within the present force fields, this does not seem to be the case. According to our results, the polar angle of PN heads has a well defined value, but the head seems to be subject to almost free librations in the azimuthal angle (angle measured in the plane of the monolayer). Further work on this point may require a more detailed investigation of the reliability of the present force field and more structural results from the experimental side. The present results indicate that the component of the dipolar moment parallel to the monolayer, which is larger than the perpendicular component, would play no role since it is completely disordered, even in LC domains. This is in contrast with common wisdom according to which the PN dipole adopts a close-to-parallel configuration in the LC phase, whereas in the LE phase it has a more flexible orientation that can change with respect to the packed LC configuration.
Contrary to earlier suggestions
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, our results indicate that lipid molecules show the same degree of penetration in the water side of the interface, regardless of the phase, LE or LC.
Instead, strong vdW forces between chains appear to give rise to a displacement of the whole interface. However, this feature might be a consequence of the force fields used and the treatment of the head-group hydration, which depends sensitively on force field and molecular geometry.
LC domains are observed to be elongated, as discussed by many authors [8] [9] [10] [11] . Their shape is not elliptical but rather resembles a discorectangle. However longer simulations would be necessary to confirm this issue. Nonspherical shapes may be induced by competition between various relevant forces, more importantly vdW forces showing up as a line tension, and forces from perpendicular dipoles. The strong alignment of lipid chains along domain boundaries may imply the presence of a significant anisotropic line tension, which should be incorporated to the theoretical models 34, 35 . Also, visual inspection of the domains shows that the sign of the curvature may be an important ingredient in theoretical models.
